Abstract. The orbital diamagnetism of disordered graphene is studied in nonuniform magnetic field with wave number q within a self-consistent Born approximation. With the increase in the degree of disorder, the susceptibility drastically becomes smaller and the singular behavior is smoothed out.
Graphene is an ultra-thin film based on carbon atoms fabricated recently [1] and shows unique electronic structure at the Brillouin zone corners, K and K' points. Around these points, electronic states are described by massless Dirac equation
in an effective-mass approximation, where γ is a band parameter and σ is the Pauli matrix [2] . The purpose of this paper is to study effects of disorder on the diamagnetic susceptibility for spatially varying magnetic field in monolayer graphene. In a uniform magnetic field, the susceptibility of clean graphene shows singular behavior like delta function at the Dirac point ε F = 0, i.e., χ(ε F ) ∝ δ (ε F ) [3, 4] . In the presence of disorder, the divergence at ε F = 0 is suppressed and χ(ε F ) has a long tail proportional to the inverse of the Fermi energy [5] . On the other hand, in a spatially varying magnetic field with wave number q, susceptibility χ(q) is proportional to 1/q for k F = 0. For k F ̸ = 0, surprisingly, χ(q) vanishes in the region q < 2k F , suddenly increases at q = 2k F , and rapidly approaches that of k F = 0 with further increase of q [6] . As a results, graphene acts as a mirror for a small magnet placed in its vicinity.
To obtain the susceptibility χ(q), we calculate the induced current. Within linear response, the Fourier transforms of induced current j(r) and vector potential A(r) has the relation
where A(r) denotes vector potential of external magnetic field, i.e., B(r) = [ ⃗ ∇ × A(r)] z and r = (x, y) denotes 2D position on the graphene. Here, K µν is the response function, satisfying two conditions, the gauge invariance for A(r), i.e., ∑ ν K µν (q)q ν = 0, and the current conservation, i.e., ⃗ ∇ · j corresponding to ∑ µ q µ K µν (q) = 0. These conditions restrict K µν to the following form
We define magnetic moment m(q) as m(q) = χ(q)B(q). As to energy induced by magnetic field, m(q) and j(q)
To treat disorder effect, we introduce scatterers with potential range much larger than the lattice constant but much smaller than the effective electron wavelength, U i (r) = ∑ i uδ (r − r i ), and use Green's function method within a self-consistent Born approximation. The strength of disorder is characterized by dimensionless parameter W = n i u 2 /4πγ 2 , where n i is the impurity concentration. For the calculation of K µν (q), we have to consider ladder-type vertex corrections consistent within the self-consistent Born approximation. It turns out that a very careful treatment is necessary in summing up these corrections for the purpose of satisfying the Gauge invariance and the current conservation. This is closely related to the fact that we have to introduce cutoff energy ε c corresponding to the half of the π-band width (∼ 9 eV) and cutoff wave number k c = ε c /γ, i.e., k c ∼ π/a with lattice constant a [7] . These problems will not be discussed here and only some examples of explicit results are discussed in the following. Figure 1 shows susceptibility χ(q) as a function of Fermi energy ε F for several values of q in the case W = 0.05 together with the density of states. This result shows that disorder effect drastically modify the singular behavior of χ(q). In fact, in ideal graphene, χ(q) identically vanishes for |ε| > γq/2 and approaches δ (ε F ) in the limit q → 0. In disordered graphene, on the other hand, χ(q) remains nonzero even for |ε| > γq/2 and approaches ∝ |ε F | −1 with decreasing q. This χ(0) is in agreement with the previous result [5] . Figure 2 shows some examples of χ(q) as a function of q for various values of the Fermi wave number k F . In the presence of disorder, the susceptibility becomes smaller and its singular dependence on q near 2k F is considerably reduced, leading to nonzero response for q < 2k F in contrast to the behavior in ideal graphene. Figure 3 shows the dependence of χ(q) on the degree of disorder for a fixed value of k F . It shows that even a small amount of disorder W < ∼ 0.02 is enough to considerably modify the q dependence which is the origin of the characteristic behavior of the peculiar mirror-like response of ideal graphene [6] . For large disorder W ∼ 0.1, the susceptibility is nearly independent of the wave vector. Explicit calculations of induced current and magnetic response in the presence of a small magnet on top of graphene are now underway and results will be reported elsewhere.
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